Abstract: Pristine graphene and a graphene interlayer inserted between indium tin oxide (ITO) and p-GaN have been analyzed and compared with ITO, which is a typical current spreading layer in lateral GaN LEDs. Beyond a certain current injection, the pristine graphene current spreading layer (CSL) malfunctioned due to Joule heat that originated from the high sheet resistance and low work function of the CSL. However, by combining the graphene and the ITO to improve the sheet resistance, it was found to be possible to solve the malfunctioning phenomenon. Moreover, the light output power of an LED with a graphene interlayer was stronger than that of an LED using ITO or graphene CSL. We were able to identify that the improvement originated from the enhanced current spreading by inspecting the contact and conducting the simulation. 
Introduction
Lateral-type GaN-based light-emitting diodes (LEDs) have recently been immensely improved and commercialized for various applications, including general lighting. This has been possible in large part due to the use of current spreading layers (CSLs) in LEDs; these layers uniformly spread the current, thereby alleviating current crowding. While the significant factors obstructing the efficiency droop and internal quantum efficiency in vertical LEDs are based on charge separation [1, 2] , carrier leakages [3] , and Auger process [4, 5] , the current crowding limits the efficiency-droop in lateral based LEDs [6] . Although thin metal layers or indium tin oxide (ITO) have been used as CSLs in GaN-based LEDs, drawbacks, such as severely degraded transmittance in the thin metal layers and steady price increases of indium, have prompted searches for alternative materials [7, 8] . Graphene, spotlighted as one such material, is a two-dimensional sheet composed of carbon held together by sp 2 hybridized bonds to form a hexagonal structure. This structure offers many advantages such as flexibility, high transparency, high conductivity, mechanical and chemical stability, and high thermal conductivity [9] [10] [11] [12] [13] . Due to these advantages, a variety of graphene applications and theories have recently been tested in electronic devices [14] [15] [16] [17] , optoelectronic devices [18-21], and optics [22] . Thus, graphene has recently started to take center stage in GaN-based LEDs as transparent electrodes, alternatively known as CSLs [7, 8, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] .
Without a CSL, a phenomenon called current crowding occurs in which current flow converges at the metal pad in GaN-based LEDs. The problem disappears with the use of a CSL due to the lower sheet resistance and proper work function. In this respect, graphene sheets have advantages when used as CSLs; Jo et al. have reported the superiority of graphene CSLs in GaN-based LEDs [7] . However, high sheet resistance and low work function of pristine graphene compared with those characteristics of conventionally used CSL materials, such as thin metal layers and ITO, cause a high turn-on voltage with insufficient current spreading [28] . Kim et al. even reported the malfunction of GaN-based near-ultra-violet LEDs with pristine graphene CSLs derived from oxygen [23, 24] . Thus, many attempts have been made to overcome these problems and improve the sheet resistance and work function of pristine graphene; these attempts have used methods such as graphene lamination, doping, metal layers, or combinations of various methods [18, 21, 26-28, 32-34]. However, even though Lee et al. used graphene sheets with metal layers to enhance current spreading in GaN-based LEDs, transmittance, one of the vital factors in CSLs, was found to degrade as metal layers became thicker [26] . Furthermore, while Han et al. demonstrated immense improvements in graphene transparent electrodes in organic LEDs by combining lamination and doping with graphene, they were not able to confirm the reliability of the modified graphene in GaN-based LEDs because of the different fabrication processes; additional layers were needed to enhance hole injection even with modified graphene [18] .
Instead of using graphene as a CSL directly, a graphene interlayer between ITO and ptype GaN (p-GaN) can be one approach to improve current spreading, for the following reasons: (i) pristine graphene produces more than 95% transmittance in the visible range, and thus as an interlayer would cause no degradation in transparency; (ii) pristine graphene, due to its high mobility, contributes to carrier transport; and (iii) the two-dimensional structure of graphene makes no change in the total thickness of the layers.
Here, we demonstrate the use of pristine graphene as CSLs and a graphene interlayer by inserting such a layer between the ITO and the p-GaN layer in GaN-based LEDs. First, LEDs with pristine graphene CSLs were unstable, leading to malfunction; this was confirmed to be originated from local damage by Joule heating due to the high sheet resistance and low work function of the pristine graphene. It was possible to resolve this problem by inserting a graphene interlayer, resulting in reduced sheet resistance. Moreover, the LEDs with inserted graphene between the ITO and the p-GaN layer exhibited improved light output power. The improvement most probably resulted from the increased current spreading length (L s ) and could be calculated as reported by Guo and Schubert [35] . The improvement can be explained as resulting from the graphene interlayer, which has high transparency and conductivity and acts as a two dimensional potential barrier with an intentionally increased Schottky barrier height at the interface between the ITO and the p-GaN. Fig. 1 . Fabrication process of the three types of LEDs with different current spreading layers (CSLs). Based on a mesa structure, the LEDs were manufactured with a graphene current spreading layer ('GR'), 150-nm thick ITO CSL ('ITO'), and ITO on graphene interlayer ('ITO on GR'). To open the p and n regions, we deposited a 300 nm layer of SiO 2 on p-GaN as a mesa etching mask instead of using a conventional photoresist (PR), which gets severely denatured during inductive coupled plasma (ICP) etching [29, 30] . The mesa structures were patterned by photolithography on a 300-nm SiO 2 layer and were etched using reactive ion etching (RIE) to replicate the mesa pattern onto the SiO 2 layer. After ICP etching to expose n-GaN, the SiO 2 layer was removed by using a buffered oxide etchant for one hour, and mesa structures were completed.
Experiment
On the base of these mesa structures, we fabricated three types of blue LEDs having different CSLs: pristine graphene only ('GR'), 150-nm thick ITO ('ITO'), and 150-nm thick ITO with a graphene interlayer ('ITO on GR') [ Fig. 1 ]. For the LED with 'GR', in order to transfer a sheet of graphene (Graphene Square, Seoul, Korea), a copper foil with graphene was attached to a polyethylene terephthalate (PET) film using a scotch tape to support the copper foil during spin coating. Polymethyl methacrylate (PMMA) was spin-coated at 3000 rpm for 1 min onto one side of the graphene layers grown on copper foil. The PET film supporting the copper foil with graphene coated by PMMA was separated from the copper foil with scissors. The copper foil with graphene-coated PMMA was then cured at 180 °C for 1 min. The graphene layer on the opposite side was removed by O 2 -plasma treatment with RIE (O 2 50 sccm for 2 min 30 sec). The PMMA/graphene/copper foil layer was floated on (NH 4 ) 2 S 2 O 8 solution (0.098 g/mL) for 3 hours to etch away the copper foil. After repetitive rinsing with deionized water for cleaning, the PMMA/graphene layer was transferred onto the target substrate and dried slowly at room temperature for a day. Finally, the PMMA layer was removed using acetone at 80 °C for 1 hour, and the partial graphene was etched by O 2 plasma using RIE after ITO patterning using positive PR as a mask to make the graphene CSL. To remove the rest of the PR, the structure was dipped into acetone for 10 min; air-acetone spray was used with weak pressure for additional PR cleaning because numerous PR residues were generated during RIE. For the LED with 'ITO', the layer was deposited using e-beam evaporation on the mesa structures after PR patterning. The PR was then stripped and the ITO layer was subjected to rapid thermal annealing (RTA) at 600 °C in ambient air to crystallize it. For the LED with 'ITO on GR', the ITO layer was deposited using e-beam evaporation (150 nm thick ITO deposition with 1Å/s rate at room temperature) onto the ITO-patterned graphene sheet, already transferred onto the mesa-structured p-GaN by using previously mentioned transfer methods, and activated by RTA. Finally, we fabricated both the p-and ntype metal pads and deposited Cr/Au (30 nm/300 nm) as an ohmic contact. After fabrication of the LEDs, we next verified the presence and type of graphene sheet through Raman spectroscopy (Ar laser, 514 nm) [ Fig. 2] . A graphene sheet transferred to a double-polished sapphire layer (DPSL) clearly showed a G peak (1587 cm −1 ) and a 2D peak (2688 cm −1 ). The type of graphene used in this study was monolayer graphene because the intensity ratio of 2D to G was more than 2.5 and the full width half maximum of the 2D band was as small as 38 cm −1 [36, 37] . We also performed Raman spectroscopy on the three types of fabricated LEDs. Small shifts in the G and 2D peaks were observed, due mostly to defects created during graphene transfer, scattering, and/or light absorption through ITO [36, 37] . The 'GR' and 'ITO on GR' LEDs showed the clear presence of transferred graphene, both exhibiting a G peak (1590 cm −1 (GR) and 1600 cm −1 (ITO on GR)) and a 2D peak (2700 cm
Results and discussions
for both samples). We prepared three different types of CSLs on the DPSL and also investigated the transmittance, sheet resistance, and work function. The CSLs best suited for lateral LEDs are required to have high transparency in the wavelength range of emissions, low sheet resistance for better current spreading, and proper work functions for better current injection. As can be seen in Fig. 3(a) , the transmittances at 475 nm obtained using a UV/Vis/NIR absorption spectrophotometer were more than 94% for all three samples. In contrast, as can be seen in Fig. 3(b) , the sheet resistance of 'GR' (739 Ω/ ) was much higher than of either 'ITO' (~39 Ω/ ) or 'ITO on GR' (~41 Ω/ ), which were similar. Work functions were also measured for graphene and ITO using ultraviolet photoelectric spectroscopy. To form a good ohmic contact on the p-GaN, the work function of the material adhering to the p-GaN should be similar to or larger than that of p-GaN (i.e., larger than 6.5 eV). It is, however, hard to form an ideal ohmic contact on p-GaN using conventional materials because the largest work function of existing materials in the Periodic Table is that of selenium (5.9 eV), but this value is still smaller than that of p-GaN. From Fig. 3(c) and the insets, it can be seen that the work function of graphene (4.49 eV) is smaller than that of ITO (4.70 eV), which makes it more difficult for holes to flow from 'GR' or 'ITO on GR' CSL to p-GaN than it is for them to flow from 'ITO' to p-GaN. Based on the results of sheet resistances and work functions for each material in Fig. 3(d) , we were able to determine that the I-V characteristic was poorest for 'GR' and best for 'ITO', which was just slightly better than that for 'ITO on GR'. From Fig.  3(d) , the calculated series resistances of the CSLs can be seen to be 102.25 Ω, 13.67 Ω, and 21.79 Ω for GR, ITO, and ITO on GR, respectively. Electroluminescence (EL) was studied in the three types of LEDs. The results for light output power and EL spectra are shown in Fig. 4 . Electroluminescence spectra of 'ITO' and 'ITO on GR' LEDs at 100 mA; the spectra were taken at 10 mA for the 'GR' LED because of a malfunction of the LED at low current injection. Remarkably, the EL intensity for 'ITO on GR' was much stronger than that for 'ITO', although the electrical property of 'ITO' was better than that of 'ITO on GR'. Also, there was a curious phenomenon in the LEDs that used graphene CSL. From Fig. 4(a) , it can be seen that the LED using graphene CSL became very unstable and eventually died when the injected current exceeded ~15 mA. Hence, the spectrum of the LED with GR had to be measured at 10 mA [ Fig. 4(b) ]. Kim et al. previously reported a similar malfunction in ultraviolet (UV) LEDs by oxygen contamination when using a single graphene sheet as a CSL [23] ; this malfunction can be avoided by protecting the graphene CSL from oxygen using a SiO 2 layer [24] .
We observed that the LED using a GR CSL gradually became dark as the injected current level was increased [ Fig. 5(a) ]. Having confirmed the presence of graphene in the GR CSL before current injection, we thought that the dying off of the LED must have originated from locally damaged graphene caused by the current concentrated at the p-type metal pad through the probe tip [ Fig. 5(b) ]. To verify this idea, we removed the p-type metal pad of the LED and directly investigated the graphene of the GR CSL; the graphene was found to have been damaged by the 30 mA current injection. It was possible to remove the p-type metal pads selectively, one at a time, using aqua regia for 30 s and Cr etchants for 10 s. The graphene was unharmed during the etching process because it has strong acid resistance. As can be seen in Fig. 5(c) , the graphene beneath the p-type metal pad was uncovered to reveal a void almost as large as the probe tip on the graphene; some folded layers formed in transferring the graphene were also found. To confirm the presence of graphene in more detail, a Raman map was completed by setting a mesh over the p-type metal pad region with origin and end point indicated as (0, 0) Fig. 5(c)] . Thus, the current was clogged horizontally due to graphene's high sheet resistance; at the same time, the current was blocked vertically by the barrier formed from the difference in work functions between graphene and p-GaN, as shown in Fig. 6(b) . These factors resulted in local damage to the graphene due to Joule heating as the injection current increased. Therefore, using monolayer graphene alone as a CSL proved unsuitable.
Thus, graphene's sheet resistance needs to be lowered if the material is to be used as a CSL. Stacking graphene into layers or depositing various types of thin metal layers (or metallic nanoparticles) onto the graphene is possible to reduce sheet resistance, although transmittance is degraded, resulting in a reduced extraction of light [7, 26, 27, [32] [33] [34] . However, by combining the graphene sheet as an interlayer with a 150-nm ITO layer, we not only solve the current crowding problem by improving the sheet resistance without degrading the transmittance, but also enhance the light output power. As we mentioned earlier, three conditions -high transmittance, low sheet resistance, and proper work function-determine whether or not some materials are suitable for use as CSLs. From that point of view, 'ITO' and 'ITO on GR' are much better than 'GR'. Seo et al. and Kun et al. previously reported that they inserted ITO dot/thin ITO layer between graphene and p-GaN, which means that ITO has been used for the contact material to enhance optical properties and current spreading [39, 40] . However, the light output power of the 'ITO on GR' LED was enhanced 45% compared with that of the 'ITO' LED for the same level of current injection (100 mA) in our result. The light output was also improved by 24.5% at the same power injection (400 mW). 
where ρ c is the specific p-type contact resistance, and ρ p, n and t p, n are the resistivity and thickness of the p-and n-type layers, respectively. According to Eq. (1), current spreading can be enhanced by increasing the specific contact resistance in the same LED structure. Although this seems contradictory because higher contact resistance usually deteriorates the electrical properties of LEDs, this increase of the specific contact resistance can actually contribute to the current spreading. Figures 6(a) and 6(c) show the energy band diagrams of 'ITO' and 'ITO on GR', respectively, at equilibrium state. According to the energy diagram, the Schottky barrier height (B), represented as thick grey lines, can be calculated according to:
where E g is the bandgap of GaN, and φ m and χ s are the work function of the metallic materials and the electron affinity of GaN, respectively. The calculated heights with respect to 'ITO' and 'ITO on GR' are 2.8 eV and 3.01 eV, respectively. Based on the results of Eq. (2), In the case of 'ITO on GR', the barrier height, which is increased due to the inserting of the graphene interlayer, leads to a higher specific contact resistance and results in improved current spreading. By intuition, we can surmise that the elevated Schottky barrier blocks a portion of the current flow in the vertical direction; this blocked current can then take part in spreading horizontally for a short period of time, before eventually flowing vertically to the pGaN. In that point of view, the current in the case of 'ITO on GR' flows better in the horizontal direction than does that of 'ITO', as shown in Figs. 6(d) and 6(e). Also, in order to explain the results in an experimental way, we evaluated the contact resistance values of 'ITO' and 'ITO on GR' using rectangular TLM: as had been supposed, the specific contact resistance of 'ITO on GR' was 0.31 Ω⋅cm 2 , which is slightly higher than that of 'ITO', 0.22 Ω⋅cm 2 . Thus, with the use of the graphene interlayer, the increased contact resistance consequently improves the current spreading without severe degradation in electrical properties. Figures 7(a) and 7(b) provide microscope images of the light emission from the LEDs using the 'ITO' and 'ITO on GR' CSLs, respectively. To confirm the uniformity of the current distribution, we measured the light intensity using Matlab's image processing software over the area between the two metal pads, indicated as black-and red-colored dotted arrows in Figs. 7(a) and 7(b). Light intensity over distance values are plotted in Fig. 7(c) . The region with very low intensity from ~20 μm to ~100 μm corresponds to the opaque p-type metal pad. The light intensity from the LED with an ITO CSL decreases significantly away from the p-type metal pad. In contrast, the light intensity from the LED with an 'ITO on GR' CSL was much more uniform, without any significant loss over the distance from the p-type metal pad to the n-type metal pad. Also, we simulated the current distribution through the active layer for both 'ITO' and 'ITO on GR' using chip design and analysis software (Design Optimizer for Scientific Applications simulation tool) [41, 42] . To perform this simulation, we designed all layers to be the same as they would be for real devices. The structure in the simulation was p-type metal pad/ITO/p-GaN/MQWs/n-GaN/n-type metal pad for 'ITO' and p-type metal pad/ITO/graphene/p-GaN/MQWs/n-GaN/n-type metal pad for 'ITO on GR'. In order to acquire the accurate simulation result, we exploit previously measured values, 39 Ω/ and 41 Ω/ for the sheet resistances and 2840 Ω and 14240 Ω for the contact resistance of 'ITO' and 'ITO on GR', respectively. As can be seen in Figs. 7(d) and 7(e), the simulation results agreed well with the experimental ones in that the distribution of current for the 'ITO on GR' was more uniform, whereas a slight current crowding appeared at the edge of the ptype metal pad for the 'ITO' CSL.
Conclusion
In conclusion, we fabricated three types of GaN-based lateral LEDs using CSLs of 'GR', 'ITO', and 'ITO on GR'. The 'GR' LEDs malfunctioned, forming a localized region of damage due to Joule heat arising from concentrated current, which was due mostly to high sheet resistance. The light output power of the 'ITO on GR' LED was the strongest of all samples, though this material had a slightly higher sheet resistance and smaller work function than those characteristics of the 'ITO' LED. The light output power of the 'ITO on GR' LED was enhanced by 45% compared with that of the 'ITO' LED at the same current condition and by 24.5% at the same input power of 400 mW. Based on the equation of current spreading length, the experimental results, and the simulation, we were able to confirm that, by inserting a graphene interlayer, the intentionally elevated Schottky barrier height leads to higher specific contact resistance in 'ITO on GR', and results in improved current spreading with no severe degradation of electrical or optical properties. Our results provide clear insight into the possibility using the insertion of a graphene sheet between the ITO and the p-GaN to improve current spreading via barrier height engineering.
